The production of high-quality pellets has often been described as more art than science due to the multitude of variables that affect pellet quality. The objectives of the current study were to examine the feed manufacture and pellet quality effects of 4 different feed milling concern areas. Each area of concern was evaluated using either a circumstance of low concern or a corresponding circumstance of high concern. Treatments included high or low mixer-added fat inclusion (MAF; 2.5 vs. 0.5%), high or low distillers dried grains with solubles inclusion (DDGS; 8 vs. 2%), high or low dicalcium phosphate inclusion (DCP; 1.63 vs. 0.31%), and high or low steam conditioning temperature (79 vs. 71˚C). All diets were formulated to similar nutrient specifications based on commercial broiler starter recommendations. Treatments were replicated 3 times utilizing an experimental unit of 136 kg feed allotments organized as a 4 × 2 factorial arrangement in a randomized complete block design. Contrasts were performed to better understand main effect interactions. High MAF and low DCP decreased pellet durability, percent pellets, and pellet particle size (P < 0.05). Conditions of high concern for DDGS and steam conditioning did not produce similar negative effects (P > 0.05). Extraneous variables such as corn moisture content and ambient temperature during feed manufacture likely confounded some treatment effects. A greater appreciation of variable interactive effects may benefit pellet mill operators, nutritionists, and pelleting aid vendors to better circumvent hurdles encountered during the pelleting process.
DESCRIPTION OF PROBLEM
The production of high-quality pellets has often been described as more art than science due to the multitude of variables that affect pellet quality. It is well known that feeding high-quality pellets results in improved poultry performance [1] [2] [3] [4] [5] [6] [7] . Feed and feed manufacture comprise the 1 Corresponding author: jsmoritz@mail.wvu.edu majority of costs associated with poultry production [8, 9] , and warrant research to optimize pellet manufacture and quality. Feed manufacture research is sparse compared to other fields of poultry science. However, the feed manufacture industry abounds with anecdotal information obtained through experience of feed mill managers and pellet mill operators. High corn distillers dried grains with solubles (DDGS) and mixer-added fat (MAF) inclusions are notorious for complicating feed manufacture and decreasing pellet quality. Similarly, low conditioning temperatures and low inorganic feed phosphate inclusions are believed to be detrimental to the pelleting process. Past research has shown that pellet quality suffers when the inclusion of DDGS is increased [10] [11] , steam conditioning temperature is decreased [6, [12] [13] , and MAF is increased [13, [15] [16] . Additionally, past literature demonstrates that pellet quality will vary based on inorganic feed phosphate source [17] .
Behnke [11] demonstrated that pellet throughput and quality will suffer as the inclusion of DDGS in diet formulations surpasses 5 to 7%. Additionally, it has been found that pellet quality in terms of pellet durability index (PDI) and modified pellet durability index (MPDI) decreases and pellet mill electrical energy usage (PMEEU) increases as DDGS inclusions increase (0, 7.5, 15, 22.5, and 30%) [10] . Loar and coauthors [13] reported that increasing conditioning temperature from 74 to 85 or 96˚C will result in decreased PMEEU and increased PDI and MPDI. Gehring et al. [15] found that higher inclusions of MAF (4 vs. 1%) will result in decreased PDI and MPDI. Other research has shown PMEEU will decrease as MAF increases [16] . Wamsley and coauthors [17] reported that the use of different inorganic feed phosphate sources will effect PDI, MPDI, and PMEEU.
The objectives of this study were to examine the feed manufacture and pellet quality effects of 4 different milling concern areas. Each area of concern was evaluated using either a circumstance of low concern or a corresponding circumstance of high concern. Treatments included high or low inclusions of MAF (2.5 vs. 0.5%), DDGS (8 vs. 2%), dicalcium phosphate (DCP) (1.63 vs. 0.31%), and steam conditioning temperature (79 vs. 71˚C).
MATERIALS AND METHODS

Feed manufacture and feed analysis
All feed was manufactured at the West Virginia University pilot feed mill. Diets were formulated to contain similar calculated nutrient values that were based on commercial [18] and research recommendations [19] (Table 1) . Diets were batched and mixed using a one-ton vertical screw Easy Automation Inc. mixer [20] . Master batches were manufactured and split so that all basal ingredients would be similar among treatments. The DDGS inclusions were balanced by manipulating corn and soybean meal content. The DCP inclusions were balanced in part with porcine meat and bone meal (MBM). Steam conditioning temperature and MAF concern area diets utilized similar diet formulations. Feed aliquots of 136-kg represented the experimental unit to be conditioned and pelleted. Treatments that did not emphasize MAF utilized 1.5% soybean oil addition at the mixer with the remaining fat added post pelleting (Table 1) . Each area of concern was allocated into a low and high level of concern. Inclusion levels were based on anecdotal information, past research, and maintenance of similar calculated nutrient values among diets. The following outline may best depict treatment structure:
Corn DDGS Experimental treatments were steam conditioned using a 1.3 × 0.31 m short-term (10 s) conditioner at 79˚C (excluding the low conditioning temperature, which was conditioned at 71˚C). Feed was then extruded through a 5 × 38 mm pellet die driven by a 40-horsepower California Pellet Mill [21] . Prior to pelleting, one 136-kg aliquot for each of the 8 diets was placed into an environmentally controlled room where temperature was held constant at 35˚C in an attempt to pre-warm the feed. This process was 1 Areas of concern were exasperated by the use of 16.6% moisture corn. 2 Dietary distillers dry grains and soluble inclusion of low concern = 2%. 3 Dietary distillers dry grains and soluble inclusion of high concern = 8%. 4 Dietary inorganic feed phosphate inclusion of low concern = 1.63%. 5 Dietary inorganic feed phosphate inclusion of high concern = 0.31%. 6 Mixer added fat of low concern = 0.5%. 7 Mixer added fat of high concern = 2.5%. 8 Conditioning temperature of low concern = 79˚C. 9 Conditioning temperature of high concern = 71˚C. 10 Standard error of the mean. a-d Means within a column not sharing a common superscript differ significantly (P < 0.05).
conducted to help combat the low ambient temperatures experienced on pelleting (0.5 to 0.6˚C, −2.8 to 5˚C, and 10.6 to 13.9˚C for d 1, 2, and 3, respectively). A 90.7-kg standard poultry diet was used each day prior to pelleting experimental diets to warm the steel housing of the conditioner and the pellet die, thereby minimizing time necessary to obtain target conditioning temperatures for experimental treatments.
Variables considered during feed manufacture included: production rate, conditioner electrical energy usage (CEEU), and PMEEU ( Table 2) . The remaining fat, as dictated by the diet formulation (Table 1) , was added post pelleting to pellets within the vertical mixer for a 2-minute mix time. Pellet quality tests were conducted 24 h post pelleting/mixing. These tests included pellet survivability, pellet/crumble/fine percentage, and pellet particle size (Table 3) . Pellet survivability was tested by utilizing a New Holmen . A second 100-gram sample was collected from each treatment post pelleting for each d of feed manufacture. At the end of the 3 manufacturing d, the 3 samples were compiled and hand blended. From this blended sample, a representative 100-gram sample was collected and sent to a commercial laboratory for proximate analysis (Table 1) .
Statistical analysis
Experimental treatments were structured as a 4 (area of concern) x 2 (level of concern) factorial arrangement within a randomized complete block design. The experimental unit was a 136-kg aliquot of each experimental treatment, while the blocking criterion was considered d of feed manufacture. A multiple comparison was performed to compare main effect means. The main effects of area of concern and level of concern as well as their interaction were further determined through the use of Fisher's least significant difference test. Linear contrasts were performed to help further explain interactions as well as differences between high and low concerns within each concern area. The statistical analysis was performed through the GLM procedure of the statistical analysis system (SAS) [25] . Alpha was designated as 0.05, and letter superscripts demonstrate differences among means.
RESULTS AND DISCUSSION
Main effect, interaction, and linear contrast data are presented in Table 2 . In addition, Table 3 contains analyzed values for selected dietary ingredients that may help to explain treatment effects. The only feed manufacture variable to be affected by a concern area x level of concern interaction was hot pellet temperature (P = 0.0057, Table 2 ). These data, with support from the contrast data ( Table 2) , show that only the high and low concern conditioning temperature influenced hot pellet temperature. This effect was intuitive, i.e., 79˚C conditioning temperature increased hot pellet temperature compared to 71˚C conditioning temperature. Hot pellet temperature also may indicate frictional heat generation within the pellet die. However, treatment effects on frictional heat generation were likely not enough to influence hot pellet temperature. Moisture level of corn used in the diet formulation (Table 3) may have increased die lubrication and partially masked beneficial or detrimental treatment effects on pellet die frictional heat and hot pellet temperature, as well as the additional feed manufacture variables examined. Low ambient tem-peratures during feed manufacture necessitated a high volume of steam addition to reach targetconditioning temperatures that may have had a similar influence. Multiple pellet quality variables were affected by an area of concern x level of concern interaction (P < 0.05, Table 2 ). In general, the inorganic feed phosphate and MAF treatments demonstrated decreased pellet quality at the high level of concern, while DDGS and steam conditioning temperature were unaffected by level of concern ( Table 2) . The inconsistencies demonstrated by area of concern across levels of concern also may be explained by dietary ingredient profiles (Table 3 ) and low ambient temperature during manufacture.
DDGS
Linear contrasts demonstrated that low and high concern levels for DDGS did not affect feed manufacture or pellet quality variables (P < 0.05, Table 2 ). These data contradict anecdotal information, as well as Loar et al. [10] who found that higher inclusions of DDGS produced a lower PDI and MPDI while producing a higher percentage of fines. Wamsley and coauthors [26] examined broiler starter diets and found pellet quality was not significantly changed as DDGS inclusion increased from 0 to 4%. Perhaps variations on how DDGS effect feed manufacture and pellet quality are associated with variations in nutrient profile of DDGS due to ethanol processing. Spiehs et al.
[27] examined the nutritional composition of DDGS products that were produced from Minnesota and South Dakota ethanol plants and found variation in nutrient analysis; additionally, Behnke reported high variation in DDGS products available in 2007 [11] . In the current study, the DDGS utilized contained 37.5% nitrogen-free extract. Past literature has demonstrated that up to 6% of corn DDGS from ethanol production may be starch [28] . The low content of starch in DDGS likely would not provide much potential for starch gelatinization, which is a key reaction for pellet formation of corn and soybean based diets [2] . However, Rosentrator and coauthors [29] found a curvilinear effect for PDI of aquafeed extrudate containing 20, 25, and 30% DDGS. In this study, the durability significantly increased then significantly decreased with increasing levels of DDGS. If starch contained in DDGS is available for gelatinization, then it may offset the negative effects of DDGS oil and fiber, thus minimizing detrimental effects on pellet quality. However, it may be more likely that the high-moisture corn and increased steam volume enhanced gelatinization of starch within the corn, which made up the majority of the diet, and subsequent pellet quality that overcame pellet quality detriment typical for DDGS inclusion.
Inorganic feed phosphate via DCP
Pellet survivability (P = 0.0027), percent pellets produced (P = 0.0080), percent crumbles produced (P = 0.0016), and pellet particle size (P = 0.0004) all increased with higher inclusions of DCP ( Table 2 ). The benefits of DCP relative to MBM may be similar to those noted for tricalcium phosphate and DCP compared to coarse monocalcium phosphate in terms of pellet die scouring [17] . More specifically, it has been proposed that inorganic feed phosphates maintain a clean die by dislodging residual feed that would adhere to the inner die surface. However, no benefit was observed in terms of feed manufacture variables (P > 0.05). The lack of difference in feed manufacture may be attributed to corn moisture and low ambient temperatures that would necessitate a high volume of steam to meet target-conditioning temperatures. These variables would increase conditioned mash moisture and may confound effects of die scouring on throughput and electrical energy use. In addition, the porcine MBM utilized in this study may have had much of the protein denatured, thus making it unavailable for protein gelation during the pelleting process. Thomas and coauthors [30] conveyed that partial denaturation of protein during processing may positively affect durability; however, the incorporation of denatured proteins to diets prior to pelleting would not improve pellet quality. Protein gelation has been identified as another key reaction for pellet formation [31] [32] .
Steam conditioning temperature
Linear contrasts demonstrated that high and low concern treatments for steam conditioning temperature had no effect on pellet quality variables (P > 0.05, Table 2 ). Additionally, PMEEU, CEEU, and production rate were not affected (P > 0.05), while hot pellet temperature (P < 0.05) decreased as concern level increased ( Table 2) . These results are in opposition with Loar and coauthors [13] who found that higher steam conditioning temperatures reduced the PMEEU while increasing PDI and MPDI. Cutlip and coauthors [6] also found that PDI and MPDI increased, while total fines produced decreased as steam conditioning temperature increased. The authors speculate that the results observed in this study may be due to corn moisture level that could be described as semi-wet [33] (Table 3), raising the moisture content of the unconditioned mash to a level at which there would be no positive benefit of adding more moisture via steam.
MAF
Pellet survivability (P = 0.0059) along with percent pellets (P = 0.0012), percent crumbles (P = 0.0012), and percent fines produced (P = 0.0029) all increased with increased MAF inclusions ( Table 2 ). Corey and coauthors [16] reported similar results for pellet quality, demonstrating that PDI and MPDI both decrease as MAF increases from 1 to 3%. Additionally, PMEEU (P = 0.0099, Table 2 ) decreased as MAF inclusion increased. Gehring et al. [15] found similar deceases in PMEEU as MAF increased from 1 to 4%. This decrease in PMEEU is likely due to fat lubricating the mash and pellet die interface, allowing the conditioned mash to more easily pass through the die, resulting in less energy expended at the pellet mill. The pellet particle size, production rate, CEEU, and hot pellet temperature variables all returned results that failed to be significant (P > 0.05, Table 2). The pellet particle size data were likely not significant, since high and low concern treatments required remaining fat levels be added post pellet; similar results were observed in past research [16] .
Summary
These data suggest that anecdotal information obtained from industry professionals along with reported past research may lack consistency due to extraneous variables that may be unavoidable during the normal feed manufacture process. The results obtained from this study were likely influenced by ambient temperature during the production of feed and the high moisture content of the corn. The low ambient temperatures at the time of feed manufacture necessitated a larger volume of steam addition to unconditioned mash in order for target-conditioning temperatures to be obtained. The increased-moisture corn [33] utilized in diet formulations likely affected the moisture content of unconditioned mash prior to conditioning, resulting in an increased level of steam addition, failing to have any added benefit during pelleting. The high moisture content of the conditioned mash due to both corn moisture and steam volume may have prevented expected treatment results, such as DDGS detriment, from being observed. Past research has shown that increased moisture in feed prior to pelleting provides benefits for feed manufacture and pellet quality [2] [3] 34] . In order to best understand influences on pellet quality, whether they be associated with dietary ingredients or manufacture techniques, it is important to consider the multitude of extraneous variables that accompany the feed milling process.
CONCLUSIONS AND APPLICATIONS
1. The effects of corn DDGS on feed manufacture and pellet quality variables may not be exclusively negative and may best be assessed in conjunction with DDGS composition, ambient temperature during manufacture, and additional ingredient moisture content. 2. Despite the influence of extraneous variables, higher DCP inclusions improved pellet quality. 3. The effects of low steam conditioning temperature on feed manufacture and pellet quality may not be exclusively negative and may best be assessed in conjunction with ambient temperature during manufacture and corn moisture content.
